Pre prints.org

Article Not peer-reviewed version

Biocide Coatings Against Gram-positive
Bacteria From Linear and Branched
Polycations. The Decisive Role of the
Diffusion Coefficients of
Macromolecules

Andrey V. Sybachin , Vladislava A. Pigareva , Valeria |I. Marina , Anastasia V. Bol'shakova , Anna K. Berkovich
,Jose M. Lorenzo , A,A Semenova, Yu.K Yushina , Dagmara Bataeva , Maria A. Grudistova

Posted Date: 2 May 2023
doi: 10.20944/preprints202305.0056.71

Keywords: polycation; polyethyleneimine; polydiallyldimethylammonium chloride; polymer coating;
antibacterial coating; foodborne infections; Gram-positive bacteria; biocide coating

E E Preprints.org is a free multidiscipline platform providing preprint service that
= is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1786014
https://sciprofiles.com/profile/2070548
https://sciprofiles.com/profile/1135918
https://sciprofiles.com/profile/374678
https://sciprofiles.com/profile/1502114
https://sciprofiles.com/profile/1256426
https://sciprofiles.com/profile/1887316
https://sciprofiles.com/profile/2049352

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2023 do0i:10.20944/preprints202305.0056.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Biocide Coatings against Gram-Positive Bacteria from
Linear and Branched Polycations. The Decisive Role
of the Diffusion Coefficients of Macromolecules

Vladislava A. Pigareva 1, Valeria I. Marina !, Anastasia V. Bolshakova !, Anna K. Berkovich 1,
Oksana A. Kuznetsova 2, Anastasia A. Semenova 2, Yulia K. Yushina 2, Dagmara S. Bataeva 2,
Maria A. Grudistova 2 and Andrey V. Sybachin *

I M.V. Lomonosov Moscow State University, Chemistry Department, Leninskie Gory, 1-3, 119991, Moscow,
Russia; vla_dislava@mail.ru (V.A.P.); ymmo@mail.ru (V.L.M.); bolshakova@belozersky.msu.ru (A.V.B.);
annber@yandex.ru (A.K.B.); sybatchin@mail.ru (A.V.S.)

2 V.M. Gorbatov Federal Research Center for Food Systems of Russian Academy of Sciences, 109316
Moscow, Russia; o.kuznecova@fncps.ru (O.A.K.), a.semenova@fncps.ru (A.A.S.); yu.yushina@fncps.ru
(Yu.K.Yu.); d.bataeva@fncps.ru (D.S.B.); m.grudistova@fncps.ru (M.A.G)

* Correspondence: sybatchin@mail.ru

Abstract: Positively charged polyelectrolytes hold significant potential as materials for creating antibacterial
coatings. Water-soluble macromolecules can be easily deposited onto a treated surface through various
techniques, forming a film that provides antimicrobial properties to the surface through electrostatic
interactions with bacterial membranes. The structural and molecular weight characteristics of the polymers
play a crucial role in the physical and mechanical properties of the coatings. In this study, we investigated the
properties of branched polyethyleneimine (PEI) and linear polydiallyldimethylammonium chloride
(PDADMAC) coatings with different molecular weights of polymer samples to determine their suitability as
stable coatings with antibacterial properties against foodborne bacteria. Using thermogravimetric analysis,
dynamometry, and dynamic light scattering, we examined the physicochemical and mechanical properties of
the macromolecules in water solutions and in coatings. Microbiological study was conducted to analyze the
biocidal activity of the polycations in solutions and on the surface of coatings. Our findings showed that the
moisture saturation of the polycationic coatings did not significantly depend on the chemical nature of charged
groups or the molecular weight or architecture of macromolecules. Moreover, biocidal activity was not found
to depend on the molecular weights of PEI and PDADMAC. However, the lowering of the molecular weight
of polymers resulted in the loss of cohesive forces in the coatings and to dramatically loss of the stability
towards wash-off with water. The diffusion coefficient (Do) of macromolecules was identified as a key
parameter for the wash-off mechanism. Films formed by molecules with Dobelow 1x107 cm?/s demonstrated
high resistance to wash-off procedures. We demonstrated that PEI and PDADMAC samples with high
molecular weights showed high antimicrobial activity towards L. monocytogenes. Our results highlight the
importance of macromolecule characteristics in the development of new biocidal coatings based on
polycations.

Keywords: polycation; polyethyleneimine; polydiallyldimethylammonium chloride; polymer
coating; antibacterial coating; foodborne infections; Gram-positive bacteria; biocide coating

1. Introduction

The United Nations General Assembly set a goal for sustainable development in 2015 to fight
against hunger, which includes ensuring food security [1,2]. However, one of the major problems
that threaten food safety is the formation of biofilms and the spread of pathogenic bacteria in the
premises for the production and storage of food products, as well as on equipment for its
transportation [3-7]. Biocide coatings are coatings that are designed to inhibit the growth of or kill
bacteria microorganisms [8,9]. The use of biocide coatings on food contact surfaces, equipment, and
packaging is an effective way to prevent the growth and spread of harmful microorganisms [8]. These
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coatings contain antimicrobial agents, such as silver ions, organic antibiotics like chlorohexidine etc
which work by attacking the cell walls of microorganisms and preventing their growth [8,10-13].

Biocide coatings have been shown to be effective against a wide range of foodborne pathogens,
including Salmonella, Listeria, and Escherichia coli [14,15]. Overall, the use of biocide coatings in the
food industry is an effective and important measure to reduce the risk of foodborne infections. It can
help protect the health and well-being of consumers and also reduce the economic impact of
foodborne illnesses.

Although processing of production shops with formulations based on low molecular weight
antibiotics is a common practice, it may not always lead to the desired result due to the low adhesion
of the biocides to the surfaces being treated, and the rapid development of bacterial resistance [16,17].
Therefore, there is a need for a new affordable and cheap antibacterial compositions that can be
effectively used in food factories and shops. To tackle this issue, polymers have been used as new
antibacterial functional coatings. In general, polymers are usually the matrix for low molecular
weight biocides, which provide durability but do not have an antibacterial effect by themselves
[18,19]. Specific class of polymers that have a potential to be used as biocide coatings is so called
biocide polymers- macromolecules with functional groups that provide antibacterial action in each
monomer unit [20-22]. Among this class of polymers, polycations are of particular interest. Polymers
with quaternized amino-groups were reported to be effective non-specific biocides with serious
benefit in compare to conventional low molecular weight antibacterial agents. Polycations do not
cause development of induced tolerance of the bacteria and give no rise to mutant species [23].
Among commercially available polycations polydiallyldimethylammonium chloride (PDADMAC) is
of great potential [24,25]. Notable advantage of using PDADMAC as a biocide is its relatively low
toxicity to humans and the environment. Quaternized polyethyleneimine (q-PEI) is the product of
alkylation of wide spread polymer - polyetheleneimine (PEI) was also admitted as effective biocide
[26]. These both polymers are completely charged in wide range of pH that supports their high
antibacterial activity independent on the pH of surrounding media. Nevertheless the initial PEI with
primary and ternary aminogroups was also reported to demonstrate antimicrobial activity [27,28].
The mechanism of the biocide action of the polycations is still under discussion. The antibacterial
activity of polycations is primarily due to their ability to disrupt the bacterial cell membrane and
cause cell death [29]. Polycations are believed to interact with bacterial membranes through
electrostatic interactions, forming a complex with the bacterial cell wall or membrane, leading to
membrane destabilization. Once the bacterial membrane is disrupted, polycations can enter the
bacterial cell and bind to intracellular molecules such as DNA and proteins, leading to further cell
damage and eventually cell death.

PEI and PDADMAC have been shown to be effective against a range of bacterial pathogens
including Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Bacillus subtilis.
They have also been found to be effective against antibiotic-resistant strains of these bacteria.

Overall, the antibacterial activity of PDADMAC and PEI makes them promising candidates for
use in a variety of applications including food processing and packaging.

The average molecular weight and molecular weight distributions of polymers are key
parameters that determine the physical and mechanical properties of the materials, so the molecular
weight of the polymer used in the coatings is an important factor that can affect the antibacterial and
physicochemical properties of the coatings [30-32]. Commercial samples of PEIl and PDADMAC, in
particular, have broad polydispersity due to the polymerization process used to manufacture them.
Additional control of the molecular weights and their distribution can be achieved using more precise
and controlled polymerization procedures [33]. However, this can complicate the process of
obtaining PDADMAC on an industrial scale and make it less commercially available.

Therefore, the key task is to establish the role of the molecular weight of polycations to determine
the optimal degrees of polymerization required to create stable and effective antibacterial coatings.
In the first part of this paper, we focus on exploring of the main properties of coatings based on
PDADMAC and PEI with different molecular weights and make a recommendation on the choice of
the degree of polymerization for creating stable coatings. The second part is dedicated to the study
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of the biocide efficiency against foodborne Gram-positive bacteria of the coatings from the optimal
samples of the polycations.

2.1. Materials

The samples of polyethyleneimine (PEI) with weight average molecular mass Mw= 750 kDA
(PEI-750); Mw = 70 kDa (PEI-70); Mw = 40 kDa (PEI-40); Mw = 25 kDa (PEI-25); Mw = 3 kDA (PEI -
3) M w = 1.3 kDa (PEI-1.3) from Sigma-Aldrich (St. Louis, MO, USA) were used as received without
additional purification. The three samples of polydiallyldimethylammonium chloride (PDADMAC)
with weight average molecular mass Mw = 500 kDa (PDADMAC-500), Mw = 300 kDa (PDADMAC-
300) and Mw < 100 kDa (PDADMAC-100) from Sigma-Aldrich (St. Louis, MO, USA) were used as
received without additional purification. Structure formulas of polycations are presented on Figure
1.

To study the interaction of coatings with model bacteria particles the biomimetic lipid
membranes were prepared by the procedure described elsewhere [34]. Briefly, 2 microns latex
microspheres were covered with lipid bilayer composed of mixture of anionic and electroneutral
lipids to simulate anionic cell surface of the bacteria. Thus, the latexes with supported lipid
membrane were obtained.

Glass cover slips with an area of 3.24 cm? were used in the experiments on washing-off polymeric
coatings. Glass slides with an area of 19.76 cm? were used to study the moisture saturation and
adhesive properties of films. Before all the experiments, glass substrates were subjected to the sample
preparation stage. Cleaning and degreasing of glass surfaces were carried out as follows: the
substrate was dipped in methanol and vigorously shaken for a minute. After that, the glass substrate
was activated: the coverslip was treated with 1 M KOH solution, then washed with bidistilled water
and dried in an air atmosphere. Bidistilled water with a conductivity of 0.05 uS/cm was used in all
the experiments.
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Figure 1. Structure formulas of polycations.
2.2. Methods

2.2.1. Dynamic light scattering (DLS)

The diffusion coefficients for the polycations were obtained by dynamic light-scattering
measurements were carried using a Complex laser light goniometer by Photocor Instruments
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(Moscow, Russia) equipped with a He-Ne laser and data processing was performed using DynaLS
software version 2.7.1 [24].

2.2.2. Polycation Coatings Wash-Off Procedure.

The freshly cleaned substrate (square glass cover slip) with 3.24 cm? area was weighed. The 200
pL aliquot of the 20 mg/mL polymer solution was applied to the substrate so that the entire glass
surface was covered with the solution. The sample was left to dry overnight in air atmosphere. The
prepared sample was once again weighed and the mass of the film was calculated as the difference
between the masses of substrate with film and substrate without the coating. Each cycle of wash-off
was as follows: 200 pL of water was applied to the glass with coating, so that it completely covered
the surface of the film. After two minutes of incubation the liquid was removed and the sample was
left to dry. The sample was weighed and the mass loss was calculated. The experiments were carried
out at a relative humidity of 15%—20%.

2.2.3. Polycation Coatings Moisture Saturation Analysis.

Freshly cleaned substrate (glass slide) with 19.76 cm? area was weighed. The 1220 uL aliquot of
the 20 mg/mL solution of polymer was applied to the substrate so that all the area was covered with
the solution. The sample was left to dry overnight in an oven with 5% relative humidity. The prepared
sample was weighed again, the mass of the film was calculated as the difference between the masses
of substrate with film and the substrate without coating, and this value was used as a reference. Then
the samples were kept for a day in a chamber in which a certain relative humidity was maintained.
After that, the samples were weighed again. In total, several intervals of relative humidity values
were obtained: 5-6%, 13%, 19%, 41-44%, 61%, 68%, 88-90% (to set the humidity in chamber the
saturated solutions of simple salts were used). The weight gain of the coating after incubation in a
controlled humidity environment was used to evaluate the ability of the polymer coating to absorb
water from the air. The control of the humidity was performed using ASTM standardized
Temperature and Humidity Datalogger DT-172 by CEM Test Instrument (Moscow, Russia).

In addition to gravimetry, the moisture content of the samples was controlled by
thermogravimetric analysis (TGA) using synchronous thermal analysis instrument STA 449 F3
Jupiter by Netzsch (Selb, Germany). Lyophilized samples of PDADMAC100, PDADMAC-300 and
PDADMAC-500 were used for the experiment, the sample weighed was 1-5 mg. The heating rate
was 10 K/min. The sample was heated in a controlled atmosphere chamber (relative humidity 40 %)
and the change in mass was simultaneously recorded [35]. The thermal analysis was performed using
the equipment purchased in the scope of the Program for Development of Lomonosov Moscow State
University.

The gravimetry analyses were made using precise balances VLA-120 M by Gosmetr (Saint
Petersburg, Russia).

2.2.4. Polycation Coatings Adhesive Properties Analysis.

Freshly cleaned substrate (glass slide) with 19.76 cm? area was weighed. The aliquot of the 20
mg/mL polymer solution was applied to the substrate so that the entire surface was covered with the
solution. Two minutes later, the polymer solution was removed and the substrate was washed with
bidistilled water. Then, the glass slide was covered from above with previously cleaned glass and
dried for 24 h. After drying, the adhesive properties of the polycations were evaluated by the stress
required to separate the two glass substrates. The experiments were carried out at room temperature
and relative humidity of 15%-20%. The adhesive properties were evaluated by dynamometry on a
tensile testing machine by Metrotest (Moscow, Russia). The experiments were carried out at constant
rate of the traverse 5 mm/min. The resulted data was collected using the software supplied by
manufacturer.

2.2.5. Estimation of antibacterial action of Polycations.
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The estimation of MIC values was made for Gram-positive bacteria B. subtilis in in Tryptic Soy
Broth (TSB) medium that is favorable for biofilm formation. The MICs in TSB medium were
determined using a broth microdilution assay [36]. The cell concentration was adjusted to
approximately 5 x 10° cells/mL. The solutions of polycations with an initial concentration of 20 mg/mL
were used as the test compound. The polycations solutions were serially diluted two-fold in a 96-well
microplate (100 pl per well). The microplates were covered and incubated at 37 °C with shaking. The
OD600 of each well was measured, and the MIC was assigned as the lowest concentration of the
tested compound that resulted in no growth after 16-20 h. Bacterial cell growth was measured at 590
nm using a microplate reader (VICTOR X5 Light Plate Reader, PerkinElmer, Waltham, MA, USA).

For the cytometric experiments, Pseudomonas aeruginosa bacteria were stained using LIVE/DEAD
BacLight Bacterial Viability and Counting Kit (Thermo, USA). 987 uL of 0.9 wt% aqueous sodium
chloride solution was mixed with 1.5 pL of a ready-made SYTO 9 solution, 1.5 pL of a ready-made
propidium iodide solution and 10 uL of the bacterial culture. The mixture was thoroughly stirred
and incubated in light-protective Eppendorf tubes for 15 minutes. Quantification of live and dead
cell populations was done with a Guava EasyCyte flow cytometer (Merk Millipore, Germany), while
living cells turned green and dead cells turned red.

For the microbiological assessment of bacterial survival in solution, the daily broth cell culture
was diluted 100 times with a nutrient medium, and the polymers were added at a 1:1 ratio. The
mixtures were incubated for 18 hours at 37 °C, then diluted 10 times with sterile distilled water and
used for determination of colony-forming units (CFU) using a standard protocol. Bacterial samples
without polymers were used as controls.

In order to prepare polymer films, glass slides were washed successively with potassium
bichromate/sulfuric acid mixture, potassium hydroxide/methanol mixture and bidistilled water and
finally was air fried at RT. Then 200 pL of a 2 wt% aqueous cationic polymer solution was applied to
a freshly cleaned glass slide; the sample was air dried at RT that resulted in a polymer film with a
thickness of 0.15 mm. The glasses with deposited polymer films were put into the broth cell culture
and incubated for 18 hours at 37 °C. After that the glasses were washed three times with distilled
water and transferred to test tubes with saline solution and shaken intensively. In the resulting
washes, CFU were determined using a standard protocol.

2.2.6. Measurements of Morphology of coatings

Atomic-force microscopy (AFM) imaging was performed using a scanning probe microscope
Nanoscope Illa (Nanoscope, USA) operating in a tapping mode in air. Cantilevers from silicon with
resonance frequencies were of 140-150 KHz from TipsNano (Estonia) were used. A 15 mm x 15 mm
cover glass was put in a 1 wt% polycation solution for 5 minutes. After that, the glass was transferred
in DI water and rinsed for 1 minute that resulted in a removal of a polymer excess, and the sample
was left to dry in air.

The minimum bactericidal concentration (MBC) was defined as the lowest concentration of each
of the tested polymers that results in the destruction of 99.9% of the tested bacteria [37].

In the statistical analyses, the average results of at least five experiments are presented as mean
values.

3. Results

3.1. Samples characterization

The diffusion coefficients of the samples of PDADMAC and PEI were studied by means of DLS.
The dependences of the diffusion coefficients (D) of polycations upon their concentration were
measured in 0.15 M of NaCl solution in Tris buffer with pH 7 to avoid a polyelectrolyte swelling
effect. Extrapolation of the concentration dependences of D to zero concentration allowed us to
estimate the resulting Do values, which are presented in Table 1.
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Table 1. Characteristics of polycations.

Polycation Diffusion coefficient, cm?/s* Pw
PDADMAC-100 4.2 x 107 620
PDADMAC-300 3.0x 108 1860
PDADMAC-500 8.0 x10® 3100

PEI-1.3 2.5x10° 30
PEI-3 6.0 x 107 70
PEI-25 2.5x107 580
PEI-40 1.3 x107 930
PEI-70 5.8 x 108 1630
PEI-750 N/A! 17440

“ The diffusion coefficient of the largest fraction in case of multi-peaks distributions. .

3.2. Evaluation of the Antibacterial Activity of Polycations

Minimum Inhibitory Concentration (MIC) (the minimum concentration of polycations of
different molecular weights at which bacterial growth of B.subtilis is completely inhibited) was
measured for several samples for brief screening . The results are presented in Table 2. It has been
established that the polycations of the presented degrees of polymerization exhibit the same
antibacterial activity. No difference in biocidal activity between PEI and PDADMAC was observed.

Table 2. B.subtilis MICs for polycations of various molecular weights.

Polycation MIC (ug ml-)
PDADMAC-100 0.025
PDADMAC-200 0.025
PDADMAC-500 0.025

PEI-70 0,0125
PEI-750 0,025

3.3. Estimation of Moisture Saturation of Coatings

The ability of the polycationic coatings to absorb water from the surrounding environment was
tested. The results for PEI and PDADMAC coatings are presented in Figure 2 as dependence of the
relative growth of the weights of the films upon the relative humidity of the environment. For the
PEI coatings an increase in humidity from 15% to 60% leads to a gradual increase in the weight of the
coating from 3% to 35% (see Figure 2a). No influence of the molecular weight of the PEI molecules
upon the ability of the films to absorb water was detected - the curves completely coincided for the
all PEI samples. The similar dependences were observed for coatings made from PDADMAC. It has
been established that an increase in humidity from 15% to 70% leads to a gradual increase in the
weight of the coating from 5% to 40% (see Figure 2b). No influence of the molecular weight of the
PDADMACs upon the ability of the films to absorb water was detected - the curves completely
coincided for the PDADMAC-100, PDADMAC-300 and PDADMAC-500. It is important to stress that
the polymer films adsorbed on the glass surfaces did not change their visually observed shapes
during the experiment at the values of humidity less than 65%. Further increase of the humidity
resulted in formation of water droplets on the film surfaces.

The saturation of the polycationic films with water was controlled by TGA in atmosphere with
relative humidity 40%. The TGA curves of lyophilized samples of PDADMAC-500 and PEI-750 are
presented on the Figure 3. The samples weight loss corresponding to the loss of absorbed water was
in interval 26-28% of their initial weight.

do0i:10.20944/preprints202305.0056.v1


https://doi.org/10.20944/preprints202305.0056.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2023 do0i:10.20944/preprints202305.0056.v1

o = |
100} o2
'§ v 4
2 80t
&
+~
|
20 60
O
=
a0t
~V
v
20

10 20 30 40 50 60 70 &0 90
Relative Humidity, %

Figure 2. a. Relative mass of the films of PEI upon the environmental humidity. PEI-1.3 (1); PEI-25 (2);
PEI-70 (3); PEI-750 (4);.
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Figure 2. b. Relative mass of the films of PDADMAC upon the environmental humidity. PDADMAC-
100 (1); PDADMAC-300 (2); PDADMAC-500 (3).
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Figure 3. TGA curves of polycation powders. PDADMAC-500 (1); PEI-750 (2), scanning rate 200
K/min; relative humidity of the environment 40%.

3.4. Wash-Off Resistance Study

The resistance of the polymer films towards wash-off with water was controlled by the weight
loss of the sample. The results are presented in Figure 4 as the dependences of the residual mass of
the film upon the number of the wash-off cycle. For PEI-750 and PEI-70 the about 50% of weight loss
was observed after the first wash-off cycle while for the samples of PEI-40, PEI-25, PEI-3 and PEI-1.3
the observed weigh loss was from 72% to 83% corresponding decrease of molecular weight (see
Figure 4a). With the increase of the number of wash-off cycles the straight tendency could be
observed- coatings from PEI with high molecular weight- PEI-70 and PEI-750- have similar high
tolerance towards wash-off. While for the molecules with weights of PEI-40 and lower the process of
the film weight loss goes faster with lowering of the number of cationic units in macromolecule.
Almost all PEI coatings were removed after six cycles of the wash-off. The alike behavior of the
coatings was observed for PDADMAC molecules (see Figure 4b). For PDADMAC-500 and
PDADMAC-300, about 65% of weight loss was observed after the first wash-off cycle and almost all
of the polycation was removed after four cycles of the wash-off. At the same time, PDADMAC100
lost about 80% of its coating mass after the first wash-off cycle.
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Figure 4. a. Dependence of the percentage of residual mass of coatings (mures) formed from PEI on the
number of wash-off cycles (nw); PEI-1.3 (1); PEI-3 (2); PEI-25 (3); PEI-40 (4); PEI-70 (5); PEI -750 (6).
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Figure 4. b. Dependence of the percentage of residual mass of coatings (mres) formed from PDADMAC
on the number of wash-off cycles (nw); PDADMAC-100 (1); PDADMAC-300 (2); PDADMAC-500 (3).

3.4. Study of Adhesive Properties

To evaluate the adhesive properties of coatings formed from PEI and PDADMAC of different
molecular weights, the dynamometry method was used. Figure 5 shows a typical stress versus time
curved for the polycations under study. The maximum value of the applied stress (peak value) was
taken as the characteristics of the adhesive properties of the polymer film.
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Figure 5. Typical stress versus time curves for PEI-70 (1) and PDADMAC-300 (2). Traverse rate 5
mm/min.

It was found that no significant difference in adhesive properties could be detected for coatings
prepared from all the studied polycations.

Table 3. Maximal stress values of the polycationic films.

Polycation Stress, MPa
PDADMAC-100 26600
PDADMAC-300 30900
PDADMAC-500 31500

PEI-1.3 11600
PEI-70 18000
PEI-750 19000

Further experiments were performed with PEI-750 and PDADMAC-500.
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3.5. The structure of the polycationic coatings.

The Figure 6 demonstrates AFM images of the coatings from PEI-750 and PDADMAC-500 on
the glass surface. Almost smooth continuous films were obtained for each studied polycation.
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Figure 6. AFM images of four polycationic coatings from PEI-750 (a) and PDADMAC-500 (b) on the

glass surface.

3.6. Interaction of the polycationic coatings with model cell membranes.

To evaluate the ability of the coatings from the PEI and PDADMAC to immobilize the bacteria
the experiment with model latex decorated with lipid bilayer simulating bacteria membrane was
performed. The optical images of the pure glass; glass coated with PEI and glass coated with
PDADMAC after contact with suspension of latex are presented on Figure 7. Almost no adsorption
of latex on the pure glass surface was observed. Several latex particles per significant large area of
the glass could be attributed to van-der-Waals interactions driven adsorption. For the coatings of
polycations numerous latex particles could be found on the surface reflecting electrostatic adsorption
of anionic microparticles on the surface with cationic groups.
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Figure 7. Optical microscope images of glass surface (a); glass covered with PEI-750 (b) and glass
covered with PDADMAC-500 (c) after contact with latex. White bar 50 um.

3.6. Biocide properties of the polycationic coatings against food-born bacteria.

At first, the biocidal activity of polycations is the microbiological assessment of bacterial survival
of food-borne bacteria L. monocytogenes. The results are presented in in Table 4.

Table 4. Microbiological method for testing activity of polymers towards L. monocytogenes in

solutions.
Sample CFU/mL
Control 5.0x107
PEI-750 0
PDADMAC-500 0

Both PEI and PDADMAC showed the absolute
monocytogenes.

antibacterial effect killing 100% of
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The growth inhibitory effect at the lowest exposure concentration was PDADMAC-500. The
concentrations of 2.5 mg/ml turned out to be the minimum inhibitory, at which visual growth was
not detected on the liquid medium, and the concentration of 5 mg/ml was the minimum bactericidal,
at which less than 99.9% of cells grew on agar plates. For the PEI-750 the value of MIC of 5 mg/ml did
not differ significant reflecting high antibacterial activity.

Table 5. MIC and MBC method for testing activity of polymers towards L. monocytogenes solutions.

Polymers L. monocytogenes

MIC, mg/ml MBC, mg/ml
PEI-750 5 5
PDADMAC-500 | 2.5 5

Then, antibacterial properties of films, prepared via drying of the polycation aqueous solutions,
were examined. Polymer layers were formed on glass slide pieces, which were then inoculated with
L. monocytogenes. As follows from the data of Table 6, all polymers quantitatively suppressed the
growth of bacterial cells.

Table 6. Inhibition of L. monocytogenes bacterial film formation by polymers.

Sample Control | PEI-750 PDADMAC-500

CFU/mL | 4.0x107 0 0

The cells on the glass surfaces were visualized using the Live/Dead Kit. Figure 8 reflects
fluorescence of cells treated with the Live/Dead Kit and observed through a fluorescent microscope.
SYTO-9 from the kit only stained living bacteria green, while propidium iodide entered dead bacteria
through defects in the cell walls and colored the bacteria from light yellow to dark brown. A control
glass with no polymer covered by the L. monocytogenes cells (photo 1) demonstrates bright green color
which definitely indicated the intact structure of the adsorbed cells. Contrastingly, photos 2-3 for cells
on the glasses, covered with the cationic polymers, have a colors from yellow to very brown which
proves the death of cells after their deposition over films from the cationic polymers.

(@ (b) (c)

Figure 8. Fluorescent microscope images of L.monocytogenes cells attached to the glass surfaces with
polycations. The cells were treated with the Live/Dead Biofilm Viability Kit. Control with no polymer
(a); PEI-750 (b); PDADMAC-500 (c).

4. Discussion

Both polycations- PDADMAC and PEI were shown to possess antimicrobial activity towards B.
subtilis in solutions. Two important observations should be pointed out. The nature of amino-group
in polycation and the degree of polymerization do not play essential role in antibacterial activity of
the studied polymers in solutions. Taking into account previously reported data on MIC of
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hyperbranched copolymer of epichlorohydrin and ethylenediamine towards B. subtilis with values
of similar order, we may state that linear or hyperbranched structure of the macromolecule can’t be
considered as key parameter affecting on biocide activity of polycations [38].

The application of an aqueous solutions of polycations to the surface of a hydrophilic glass with
further drying in the air leads to the formation of a polymer coating. The adhesion of the
macromolecules on the glass is driven by electrostatic forces between negatively charged silanol
groups and aminogroups. The most of macromolecules in adsorbed layer form film of
interpenetrated chains. Polycations are known to be hygroscopic. So, it is reasonable to expect that
polycation films will absorb water from the environment. In solutions, solvatation of the ammonia
salts depend on the nature of the aminogroups but for the studied films of polyelectrolytes no
significant influence of the primary, ternary and quaternary aminogroups on swelling in
environment with controlled humidity was found.

It is obvious that degree of polymerization of macromolecule should affect on strength of the
adhesion on glass surface. The dynamomentric experiments have shown that the mechanical break
of the polyelectrolyte films is predominantly governed by cohesion forces. The shape of the stress
curves on the Figure 5 reflects corresponds to cohesion break mechanism. For the PEI samples with
high molecular weights the peak stresses were almost identical with mean value 18500 Pa and the
decrease in mechanical properties of films was observed for oligomer fraction with mean value of
peak stress 11600 Pa. The same behavior of the mechanical properties of the films from different
samples of PDADMACSs was observed. For the samples with high molecular weights the peak
stresses were almost identical with mean value 30800 Pa and the decrease in mechanical properties
of films was observed for oligomer fraction with mean value of peak stress 26600 Pa. These results
are in good agreement with the cohesion-governed mechanism of the film break. Moreover, the
differences in absolute values of peak stresses between PEI and PDADMAC macromolecules could
be attributed to differences in macromolecules architectures. Linear PDADMAC macromolecules
could penetrate between many lateral layers inside the film while for the branched PEI molecules this
possibility is restricted.

The vanishing of the polyelectrolyte coating with water depends on two major parameters. First,
the nature of the aminogroup - for the quaternary aminogroups in PDADMAC the process of the
dissolving of the film takes place faster than for the PEI with primary and ternary groups. Second,
the molecular weight of macromolecules. With the reaching of critical values of molecular weights of
polycations the films either undergo fast mass loss with wash-off procedure. For the PDADMAC
molecules this critical weight was 100kDa while for the PEI this value was 40kDa. Both polycations
have different mass of monomer unit and different architectures. So, such parameters as “degree of
polymerization” and “average molecular weight” could not be used for direct compare of the results
for these polycations. Nevertheless, we have demonstrated that it is the diffusion coefficient of
polycation is the parameter that allows us to describe the behavior of the films in wash-off procedure
correct. The critical value of the Do = 1x10-7 cm?/s determines the resistance of the polyelectrolyte film
towards fast wash-off for both PEI and PDADMAC.

Despite it was reported that increase of molecular weight of the polymers of the same structure
could decrease or increase their biocidal activity [39-41], we have demonstrated that molecular
weight of the polycation more affect on mechanical properties of the films and their behavior under
watering conditions. So, polycations with high molecular weights have higher potential for the
preparation of effective biocide coatings.

Thus, the analysis of the efficiency of polycationic coatings towards foodborne bacteria L.
monocytogenes was studied with the samples with higher values of Mw — PEI-750 and PDADMAC-
500. The morphology of the coatings obtained by AFM were confirmed to be above the coating.
Hence, bacteria with negatively charged membranes will adsorb on the film and undergo action of
the polycations. At the same time the macromolecules that leave the surface of the film during the
watering process could act as biocides in suspension of the bacterias that were not adsorbed on the
film. Both PEI and PDADMAC were demonstraded to have antibacterial activity in solution and on
the surface of the film against L. monocytogenes. So, the choice of the polycation and its molecular
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weight for the formation of the biocide coatings should be determined more by requirements to
mechanical properties of the supposed coating.

5. Conclusions

Branched PEI and linear PDADMAC of different molecular weights were studied to estimate
the role of chemical nature of charged groups, architecture and the degree of polymerization of
macromolecules upon physico-mechanical and antibacterial properties of the coatings from these
polymers on the glass surface. Surprisingly, the values of MIC for polyelectrolytes did not depend
on molecular weights of the polymer samples in wide range of the masses. The significant impact of
the chemical nature of aminogroup (primary, ternary or quaternary) on biocidal properties of
macromolecules was not found to possess. For the coatings from the different samples of PEI and
PDADMAC it was demonstrated that saturation of the films with water depends on the humidity of
the surrounding media but not on the structural and chemical characteristics of polycations. The
mechanical properties of the coatings from polycations were demonstrated to have determining
cohesion nature between macromolecules over adhesion forces between surface and polymer film.
Linear PDADMAC ensures higher cohesion strength due to possibility to penetrate between more
layers in film than branched PEI. With the decrease of molecular weight, the mechanical stress
required to break the coating reduces for the both series of PEI and PDADMAC. The ability of the
polyelectrolyte film to resist to wash-off with water strongly depend on diffusion coefficient of the
macromolecules that form the coatings. This parameter is more suitable to describe the decisive
characteristic of macromolecules that allows one to compare polyelectrolytes with different
architectures and chemical structures. Thus, the polycations with high molecular weighs have higher
potential for the utilization in formation of coatings. Concerning the biocide activity of the
polycationic films the antibacterial effect towards L. monocytogenes. was demonstrated for both PEI
and PDADMAC without significant difference.

Therefore, the choice of the polycation for the effective biocide coatings should be determined
by the requirements to the mechanical properties of the films. This properties are affected by the
diffusion coefficients, architectures and chemistry of macromolecules. At the same time the
antimicrobial activity of the coatings are determined by the polycationic nature of the coatings
without significant respect to nature of the aminogroup.
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